We investigated the spin-dependent transport properties of Fe/MgAl2O4/Fe(001) magnetic tunneling junctions (MTJs) on the basis of first-principles calculations of the electronic structures and the ballistic conductance. The calculated tunneling magnetoresistance (TMR) ratio of a Fe/MgAl2O4/Fe(001) MTJ was about 160%, which was much smaller than that of a Fe/MgO/Fe(001) MTJ (1600%) for the same barrier thickness. However, there was an evanescent state with ∆1 symmetry in the energy gap around the Fermi level of normal spinel MgAl2O4, indicating the possibility of a large TMR in Fe/MgAl2O4/Fe(001) MTJs. The small TMR ratio of the Fe/MgAl2O4/Fe(001) MTJ was due to new conductive channels in the minority spin states resulting from a band-folding effect in the two-dimensional (2-D) Brillouin zone of the in-plane wave vector (k ) of the Fe electrode. Since the in-plane cell size of MgAl2O4 is twice that of the primitive in-plane cell size of bcc Fe, the bands in the boundary edges are folded, and minority-spin states coupled with the ∆1 evanescent state in the MgAl2O4 barrier appear at k =0, which reduces the TMR ratio of the MTJs significantly.
I. INTRODUCTION
Recent advances in tunneling magnetoresistance (TMR) in magnetic tunnel junctions (MTJs) with a single-crystal MgO barrier and bcc Fe ferromagnetic electrodes make possible the fabrication of ultrahighspeed and high-density magnetic random access memory(MRAM) devices [1] [2] [3] . In Fe/MgO/Fe(001) MTJs, the crystal momentum parallel to the layer is conserved because of the 2-D periodicity of the system, and the tunneling conductance strongly depends on the symmetry of the propagating states in the bcc Fe electrode because of the complex band structures of MgO, which causes a slow decay of the evanescent ∆ 1 state in the barrier layer. Furthermore, electrons with an in-plane wave vector k = (0, 0) (normal incidence with respect to the plane) dominate the tunneling, and bcc Fe has a 100% spin polarization in the ∆ 1 state at the Fermi level. Thus, Fe/MgO/Fe(001) MTJs act as spin filters for the current, yielding much larger TMR ratios of over 1000% in their ground state 4, 5 .
Achieving a high tunneling magnetoresistive (TMR) ratio in MgO-based MTJs requires epitaxial growth of the MgO layer with a correct crystalline orientation on ferromagnetic electrodes (bcc Fe and Co x Fe 1−x ). However, it has been difficult to grow Fe/MgO/Fe(001) MTJs epitaxially owing to the relatively large lattice mismatch (5%) between rock-salt-type MgO and bcc Fe. Recently, an offstoichiometric, normal spinel MgAl 2 O 4 barrier was grown epitaxially on a single-crystal Co 2 FeAl 0.5 Si 0. 5 • (001) in-plane rotation is less than 1.0%. We performed first-principles calculations of the super cell using density functional theory within the generalized-gradient approximation for exchange-correlation energy 11 . In order to facilitate structure optimization, which is important for determining the interface structure, we adopted planewave basis sets along with the ultrasoft pseudopotential method by using the quantum code ESPRESSO 12 . The number of k points was taken to be 5×5×1 for all cases, and Methfessel-Paxton smearing with a broadening parameter of 0.01Ry was used. The cutoff energies for the wavefunction and charge density were set to 30Ry and 300Ry, respectively. These values are large enough to deal with all the elements considered here within the ultrasoft pseudopotential method.
For the conductance calculations, we considered an open quantum system consisting of a scattering region having a MgAl 2 O 4 barrier and junctions with bcc Fe attached to left and right semi-infinite electrodes corresponding to bulk bcc Fe. The conductance was obtained by solving the scattering equation with infinite boundary conditions in which the wavefunction of the scattering region and its derivative were connected to the Bloch states of each electrode 13 . Since our system is repeated periodically in the xy plane and propagating states can be assigned by an in-plane wave vector k = (k x , k y ) index, different k do not mix and can be treated separately. Furthermore, we neglected the spin-orbit interaction and noncollinear spin configuration. Thus, we solved the scattering equations for some fixed k and spin index on the basis of Choi and Ihm's approach 13, 14 .
III. RESULTS AND DISCUSSION
First, we investigated the stable structure of Fe/MgAl 2 O 4 (001) interfaces. Normal spinel MgAl 2 O 4 has two different types of cation sites: tetrahedral Mg sites (A-sites) and octahedral Al sites (B-sites). This results in two types of termination for Fe/MgAl 2 O 4 (001) junctions, namely, the A-site (Mg) termination and Bsite (Al-O) termination. On the basis of formation energy calculations for optimized surface structures of MgAl 2 O 4 (001), we found that B-site termination is thermodynamically more stable than A-site termination. This was also reported for other normal spinel compounds, such as Fe 3 O 4 (001) 15 . Thus, we considered only B-site termination for the Fe/MgAl 2 O 4 (001) interface. In B-site termination, there are four possible configurations, Figure 1 shows schematics of the Fe/MgAl 2 O 4 /MgO(001) interfacial structure with B-site termination. We found that the O-top configuration is the most stable because of the hybridization between the 3d 3z 2 −r 2 orbital of Fe and the p z orbital of O. Therefore, in the present study on spin-dependent conductance and the TMR effect, we adopted the O-top configuration for the B-site terminated Fe/MgAl 2 O 4 (001) interface. We investigated the tunneling conductance of the Fe/MgAl 2 O 4 (∼1nm)/Fe(001) MTJ. Figure 3 plots the in-plane wave vector (k ) dependence of the tunneling conductance at the Fermi level for the Fe/MgAl 2 O 4 /Fe(001) MTJ in parallel and anti-parallel magnetization configurations. We confirmed in Fig. 3(a) that the majority-spin conductance for the parallel magnetization has a broad peak around the center of the 2-D Brillouin zone. This is the typical behavior of the coherent tunneling conductance of ∆ 1 electrons at k =(0,0). Furthermore, we found in Fig. 3(b) that the minority-spin conductance for the parallel magnetization also shows a broad peak at k =(0,0). This result is very different from that for the Fe/MgO/Fe(001) MTJ 4,5 , where the k -dependence of the minority-spin conductance for the parallel magnetization shows hotspot-like peaked structures in the 2-D Brillouin zone with no peak at k =(0,0) because of the absence of the ∆ 1 band around the Fermi level. Since the tunneling conductance in the anti-parallel magnetization shows a combination of the features observed in the majority and minority spin channels, we obtained a broad peak at k =(0,0) in the k dependence of the conductance for the antiparallel magnetization as shown in Fig. 3(c) . In Table 1 , we showed the majority-and minority-spin conductance and the TMR ratios for Fe/MgAl 2 O 4 /Fe(001) MTJs and Fe/MgO/Fe(001) MTJs. The calculated minority-spin conductance for the Fe/MgAl 2 O 4 /Fe(001) MTJ for parallel magnetization was one order of magnitude higher than that for the Fe/MgO/Fe(001) MTJ. This led to TMR ratio of 160% for the Fe/MgAl 2 O 4 /Fe(001) MTJ, which was much lower than that for the Fe/MgO/Fe(001) MTJ (1600%) with the same barrier thickness. 
